Abstract-The objective of this paper is to investigate the volume scattering for the vegetation parameter estimation of Polarimetric Interferometric Synthetic Aperture Radar (Pol-InSAR). Firstly the models for describing the volume scattering are derived from the Pol-InSAR imaging geometry and volume scattering characteristics. The interferometric properties of volume scattering as well as the polarimetric properties of volume scattering are analyzed based on the model. Then the effects of volume height, extinction coefficient, ground to volume ratio, ground phase, incidence angle, and perpendicular baseline, on the volume scattering coherence are analyzed based on the Random Volume over Ground model. Furthermore, with simulated Pol-InSAR data, the effects of these parameters on the estimation accuracy of vegetation height are presented and the radar parameters for better estimating vegetation height are discussed.
INTRODUCTION
Polarimetric Interferometric Synthetic Aperture Radar (Pol-InSAR) is an emerging technique that combines SAR interferometry and SAR polarimetry and has already shown its effectiveness and sensitivity to volumetric structures [1] . It has been applied to parameter estimation of volume scatterers (e.g., forest height, extinction coefficient) based on the coherence diversity of the volume scattering with polarization [2, 3] . In order to improve the performance of vegetation parameter estimation and help the design of Pol-InSAR system, this paper investigates the volume scattering systematically within the scope of Pol-InSAR.
Section 2 presents the models (Random Volume, Oriented Volume, Random Volume over Ground and Oriented Volume over Ground model) for describing the volume scattering and analyzes the interferometric and polarimetric properties of volume scattering. The effects of volume height, extinction coefficient, ground to volume ratio, ground phase, incidence angle, and perpendicular baseline, on the volume scattering coherence are analyzed in Section 3. Section 4 further analyzes the effects of these parameters on the vegetation height estimation. The conclusion and future work are given in the end. Figure 1 shows an illumination of Pol-InSAR imaging geometry. Ignoring the thermal noises and temporal decorrelation effects, the time-domain representations of SAR images u 1 and u 2 can be expressed in the form of volume scattering integral as [4, 5] 
COHERENT MODELS OF VOLUME SCATTERING IN POL-INSAR
with the azimuth coordinate x, the range coordinate R, the wave vector
(T is transpose), the wavenumber κ = | κ|, the position vector of the scatterer r = [x , y , z ] T , the system transfer function h (·) and the complex reflectivity functionã.
Since the reflectivity functionsã 1 andã 2 are considered as uncorrelated, denote the auto-and cross-correlation of them as
where σ ve is the effective volume correlation coefficient. The complex interferometric coherence is defined as
Assuming σ v1 = σ v2 = σ v and substituting (1) into (3) using (2), one can have the baseline decorrelation asγ
where
is interferometric phase. The baseline decorrelation can be further divided into two contributions by using
where κ y and κ z are horizontal and vertical wavenumbers, ∆θ = θ 2 − θ 1 ≈ sin ∆θ is the look angle difference of two SAR images, θ = (θ 2 + θ 1 ) /2 is average incidence angle. Thus wise, (4) becomes
whereγ S is the signal decorrelation due to the look angle difference of the two SAR images (namely surface decorrelation),γ V is the decorrelation caused by the height distribution of volume correlation coefficient σ ve (z) (namely volume decorrelation). From the expression of surface decorrelation,γ S can be eliminated, e.g., by performing range spectral filtering with the spectral shift ∆κ = κ∆θ/ tan θ. a) Random Volume (RV) model: Equation (6) shows that complex volume decorrelation is the Fourier transform of σ ve (z), which contains the physical information about the vertical structure of the volume scatterer. A modeled volume scattering description, which includes wave extinction σ through the random orientation homogeneous volume medium, is given by [6] 
with the volume height h V . Then the complex volume decorrelation becomes
cos θ e
If the volume is oriented, only the wave in eigenpolarization does not change its polarization as it travels in the volume. The eigenpolarizations are generally two orthogonal polarizations (for agricultural plants, H and V polarizations) that correspond to the maximum and minimum values of the extinction coefficients [7] . The expression in (7) is correct for the eigenpolarizations, while extinction coefficients are dependent on the different eigenpolarizations
c) Random Volume over Ground (RVoG) model: For volume scattering at lower frequencies, it needs to further consider the ground contribution, which is polarization dependent [2, 8] 
where µ ( w) is the effective ground to volume ratio, µ G is the scattered return from the ground seen through the volume and µ V is the direct volume scattering return [2] . d) Oriented Volume over Ground (OVoG) model: Since the ground contribution is polarization dependent and wave propagation through an OV is completely described by the eigenpolarizations of the volume, the OVoG can be expressed bỹ Figure 2 shows (a) geometrical interpretation of the RVoG model, (b) variation of coherence coefficient with polarization and (c) variation of interferometric phase with polarization. For small ground contribution (at µ = −20 dB), the phase center is located at two thirds of the total volume height above the ground and the interferometric coherence is 0.7. With increasing ground contribution, the phase center moves monotonically towards ground. However, the interferometric coherence decreases with increasing ground contribution firstly and then increases with the increasing ground contribution. The former (decreasing) variation behavior is due to fact that the effective volume seen by the radar increases (increasing penetration depth), which in turn increases the volume decorrelation. The later (increasing) variation behavior is due to fact that ground contribution tends to become the dominant scatterer. 
RELATIONS BETWEEN VOLUME SCATTERING AND MODEL PARAMETERS
The variation of volume coherence with polarization is key to Pol-InSAR applications. The radar configurations should be designed to maximize the variation. There are five parameters in the RVoG model: vegetation height h V , extinction coefficient σ, effective ground to volume ratio µ, ground phase φ and vertical wavenumber κ z , which is related to the radar operation frequency, platform height, perpendicular baseline and incidence angle: κ z = 4πB n /λH tan(θ). Figure 3 shows the effects of model parameters on the variation of coherence with polarization. The vegetation height influences the length of the coherence line and variation range of interferometric phase. A maximum variation is achieved at h V = 26 m in this example case. The length of the coherence line increases monotonically with increasing extinction coefficient and tends to become 2. The range of ground to volume ratio, which is related to operation frequency, vegetation density and extinction, also determines the variation range of the coherence. The ground phase influences the intersection between coherence line and the complex plane. Furthermore the coherence line is also affected by the incidence angle and a maximum is achieved at 25 • . Perpendicular baseline is also key to the coherence variation. Note that for Pol-InSAR vegetation estimation, the coherence variation should not be too large because longer coherence lines usually goes with lower coherence which is not good for the estimation of the coherence and phase from data [9] .
EFFECTS OF MODEL PARAMETERS ON VEGETATION HEIGHT ESTIMATION
Pol-InSAR data are simulated based on the RVoG model (detailed description is given in [10] ) and then inverted using the inversion procedures in [3] . Figure 4 shows the effects of model parameters on the estimation of vegetation height. We can see that vegetation height can be estimated well for various model parameters. Suitable radar parameters will provide better performance, for example, the best perpendicular baseline is 9 m, the incidence angle is between 25 • and 45 • .
CONCLUSION
This paper investigates the volume scattering for the vegetation parameter estimation by PolInSAR. The models for describing the volume scattering are derived and the effects of model parameters on the volume scattering coherence are analyzed. The effects of model parameters on the estimation accuracy of vegetation height are also presented based on simulated Pol-InSAR data. Further work will focus on the choosing of radar parameters for better vegetation parameter estimation based on the characteristics of volume scattering. 
